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Abstract 
In this work, the DC measurements and AC measurements (impedance spectra) have been used to characterize the 
mono crystalline silicon solar cell (MSiSC). From the I-V characteristics under dark conditions for different 
temperatures (298-353Kż) and by using the ARREHENIUS diagrams defined by Ln(I)=f(1/T)_v=const, we have obtained 
the barrier height ୠ (eV), ideal factor A, and the reverse saturation current I0 (A); using the double exponential model. 
The AC measurement impedance >;Ȧ I5Ȧ@ has been employed to measure the parameters of the MSiSC 
such DVKHWHURJHQHLW\IDFWRUȕ, DC resistance Rdc, the bulk resistance Rb, activation energy E (eV), donor density Nd 
(cm-3) and density states Ns (cm-2). The solar cell was exposed to thermal stress within the range (298-353Kż), the 
diagram of complex impedance in the dark, was obtained. This plot give a semicircles arcs, their centers lie below the 
UHDO D[LV 5Ȧ FRUUHVSRQGLQJ WR WKH DSSHDUDQFH RI WKH GHSUHVVLRQ DQJOH ș which allows to measure the 
heterogeneity factor, ȕȕ șʌ which is in good agreement with the Cole-Cole diagram. It is noted that, ȕ, increases 
with temperature. The intersection of the circle arcs from the right with x axis (i.e. at very low frequency) gives Rdc, 
while the intersection from the left gives Rb, of the sample (i.e. at very high frequency). 
By using ARREHENIUS diagrams defined by Ln(c)=f(1/T) and Ln(f)=f(1/T), we have obtained the parameters E 
(eV), Nd (cm-3), and Ns (cm-2). 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Because of the increasing demand for energy and the limited supply of fossil fuels, the search for 
alternative sources of power is imperative. Given that there is a vast amount of energy available from the 
sun; devices that convert light energy into electrical energy are becoming increasingly important. Solar or 
photovoltaic (PV) cells convert light energy into useful electrical power. These cells are produced from 
light-absorbing materials. When the cell is illuminated, optically generated carriers produce an electric 
current when the cell is connected to a load [1@ 
Generally, the operating voltage of an array is fixed and, as the temperature of the array changes the 
operating point I-9VKLIWV>@,IDSDUWLDO shadow is cast on the panel, the shadowed cells are reverse biased 
by the illuminated cells. A mismatch due to changes of the complex impedance can lead to a reduced 
performance of the whole power generating system. Hence, for designing such efficient high power 
photovoltaic systems a detailed study on AC parameters of solar cells is important. In terrestrial 
applications, the solar cell is exposed to temperatures varying from 10 Cż to 50 Cż [3@. 
Impedance spectroscopy is a very powerful technique for solar cell characterization. We have 
employed this technique in the study of high performance MSiSC, relating the impedance pattern obtained 
________________________________________________________________ 
* Corresponding author. Tel: +963-932 810 820, +963-933404400 
 E-mail address: m-nasr.al-abdullah@lapost.net, f.alloush@hotmail.com 
 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by- c-nd/3.0/).
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD) 
 K. Al Abdullah et al. /  Energy Procedia  50 ( 2014 )  30 – 40 31
with the theory of the impedance of electron diffusion and recombination in a semiconductor layer. 
Different cell parameters, as series and parallel resistances, capacitance, diode factor, minority carrier 
lifetime, acceptor impurities density and depletion layer charge density have been obtained as function of 
applied bias for different light illumination intensities. The behaviour of cell capacitance under illumination 
is determined by the applied bias rather than by the light carrier generation when measurement at fixed bias 
are carried out. 
Impedance spectroscopy is particularly characterized by the measurement and analysis of some or all 
impedance related functions. In impedance spectroscopy, the complex impedance Z(Z)=R(Z)+jX(Z) of a 
device is measured directly in a large range of frequency [4@ :KHUH5ȦDQG;ȦDUHUHVSHFWLYHO\WKH
rHDODQG LPDJLQDU\SDUWVRI=Ȧ. A purely sinusoidal voltage with different frequencies is applied to the 
device under test and the phase shift and amplitude of the voltage and current are measured. The ratio 
between the applied voltage and resultant current is calculated and this is the impedance of the device under 
test [5@. 
The plotting of the real and imaginary parts of impedance R(Z), X(Z) on a complex plane in 
function of frequency gives the impedance spectrum of the device. From this diagram, the 
equivalent circuit parameters are calculated. In the case, the representation of ;Ȧ I5(ȦLQRXUFDVHLV
called the Cole-Cole diagram [6-8@. which gives arcs centered below the real axis R(Z)Thus, there is a 
GHSUHVVLRQDQJOHșLVDSSHDUHGEHWZHHQWKHUHDOD[LVDQGWKHVWUDLJKWOLQH defined by the origin of axis and 
the center of the circle containing the arc [6@, that means, the relaxation time constant is dispersed. 
2. Experimental Procedures 
When conducted under different temperatures, this method provides many parameters of a solar cell, 
e.g., the temperature dependence of the shunt resistance and diode factor, the energy and concentration of 
the dominant recombination center, the lifetime of the charge carriers. The measuring apparatus works with 
a current source with a range of 0 to 100 mA (Keithly 2401). The temperature range is from approximately 
298 Kż to 353 Kż. Input data were introduced into specially designed software that performs numerical 
calculations based on the double exponential model of a p-n junction formulated in dark by the following 
equation [9, 10@: 
 
I =
Vെ RୱI
Rୱ୦
+ I୭ଵ ቈexp ቆ
Vെ RsI
ܸܶ
ቇ െ 1቉+ I୭ଶ ቈexpቆ
Vെ RsI
Aܸܶ
ቇ െ 1቉       (1) 
Where: 
I: Total cell current (A) 
V: Cell voltage (V) 
I01: Diffusion reverse saturation current (A) 
I02: Recombination reverse saturation current (A) 
Rs: Series resistance (ȍ) 
Rsh: Shunt resistance (ȍ) 
A: Ideality factor (1-2) 
VT: Voltage thermal (VT = KT/q) 
T: Cell working temperature in Kelvin degree (K) 
q: Elementary charge = 1.602177x10-19 (C) 
k: Boltzmann's constant = 1.380662x10-23 (J/K) 
The AC parameters of silicon solar cell under dark condition by biasing the cell at the voltages 0.7 
were measured at different temperatures (298, 333 and 353 Kż), using the impedance spectroscopy 
technique which consists of a GAIN PHASE ANALYZER (Schlumberger-SI1253) which produces a 
frequency range varying from 1 mHz to 20 KHz and Vdc up 10 Volts, Vac varies  between 0 to 12 Volts, 
electrical furnace, its temperature varies between room temperature and 1500 tżprogrammable with 8 steps, 
personal computer and the MSiSC. We use an AC signal with amplitude equals to 0.7 V with the frequency 
ranging from 1 Hz to 20 KHz. 
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3. Results and discussion 
3.1 DC measurements 
I-V characteristics of the MSiSC under the dark conditions for different temperatures (298 - 353 Kż) 
are shown in Fig. 1. 
 
 
Fig. 1. I-V Characteristics of the MSiSC at temperate 298, 313, 333 and 350 Kż. 
 
 
Fig. 2. Ln (I) as a function of applied voltage V at various temperatures. 
 
From the figure1 we can draw the figure 2 representing as Ln(I)=f(V), shows the plotted graph of I-V 
characteristics is divided into two regions as mentioned in the previous two terms values A in the Eq.(1):  
1) At low bias voltages or low current, the influence of shunt resistance, where generation and 
recombination of the electron-hole pairs in the junction depletion region dominants, the ideality factor 
value is larger than 1(A o A2 and I0 o I02), It is related with expression of the second exponential in 
Eq.(1). The interception of the curves gives Recombination reverse saturation current I02 (μA) (figure 3). 
The slope of the linear portion of the plot of Ln(I) vs. V gives also the factor A2 (figure 4). 
2) At high bias voltages, the first term in the expression of the total current that determines the 
diffusion compounds is dominated by the surfaces and the bulk regions, the ideality factor value is equal 
than 1(A o A1 and I0o I01), so, by the curve fitting method, the Diffusion reverse saturation current and 
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the diffusion ideality factor can be extracted. The interception of the curves gives I01 (μA) (figure 3). The 
slope of the linear portion of the plot of Ln(I) vs. V gives also the factor A1 (figure 4). 
It is observed from figure 3, that the I01, I02 in Si-solar cell increases exponentially with increasing TF. 
From the variation of A as mentioned previously we suggest that the dark current is due to the generation-
recombination of charge carriers within the depletion region. 
 
 
Fig. 3. The variation of I01 and I02 with TF 298, 333 and 353 Kż. 
 
the ideality factor A as function of TF, Our results show that, a small decrease in the ideality factor 
with increasing the temperatures may be caused by the increase of the saturation current Io which is due to 
the modification of the current transport tunneling mechanism in the device. The decreasing diode ideality 
factors can thus be interpreted as a relative increase of recombination of carriers in the bulk of the material 
as compared to the recombination in the space-charge region these results are in agreement with others 
[11@ 
 
 
Fig. 4. The variation of the ideality factor A1, A2 with TF 298, 333 and 353 Kż. 
 
From the slop of the ARREHENIUS plot defined by Ln(I)=f(1/T) )_v=const (figure 5), we have obtained 
the variation of barrier height ୠ (eV) with  applied voltage. 
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Fig. 5. ARREHENIUS diagrams defined by Ln(I) = f(1/T) at voltage constant. 
 
The barrier height, ୠ, is about 0.392 eV in the region between 0.1 to 0.35 V. Above the threshold 
voltage Vs=0.33±0.02, the barrier height sharply decreases (Fig. 6). 
The barrier height is given by [6@: 
 
ᤂ =
ݍ
2ߝ௢ߝ௥
௦ܰ
ଶ
ௗܰ
                                       (2) 
 
Where: 
ܭo: the vacuum dielectric constant, equal to 8.854×10-14 F/cm. 
ܭr: the relative dielectric constant of silicon and 11.8. 
Ns: density states. 
Nd: donor density. 
It is clear from the Eq.(2), the barrier height, ୠ, decreasing when applied voltage is increasing on the 
solar cell.is caused by: 
x donor density Nd increasing. 
x density states Ns is decreasing. 
 
 
Fig. 6. The variation of the barrier height ୠ as a function of applied voltage. 
 
3.2 AC measurements 
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The complex impedance spectroscopy (CIS) technique [12@ was used to analyse the electrical response 
(i.e. transport properties) of the MSiSC in a wide range of frequency from 1 Hz to 20 KHz at TF 298 Kż, 
333 Kż, and 353 Kż. Figure 7 VKRZ WKH YDULDWLRQRI WKH UHDO SDUW5Ȧ RI LPSHGDQFHZLWK IUHTXHQF\ DW
various temperatures, respectively. 
 
 
Fig. 7. WKHYDULDWLRQRIWKHUHDOSDUW5ȦRILPSHGDQFHZLWKIUHTXHQF\DWTF 298, 333 and 353 Kż. 
,W LV REVHUYHG WKDW WKHPDJQLWXGH RI5Ȧ GHFUHDVHVZLWK WKH LQFUHDVH LQ ERWK IUHTXHQF\ DVZHOO DV
temperature indicating an increase in ac conductivity with the rise in temperature and frequency. The 
YDOXHVRI5ȦIRUDOOWHPSHUDWXUHVPHUJHDERYH.+]7KLVPD\EHGXHWRWKHUHOHDVHRIVSDFHFKDUJHV
as a result of reduction in the barrier properties of material with the rise in temperature, and may be a 
responsible factor for the enhancement of ac conductivity of material with temperature at higher 
frequencies. Further, at low frequencies the value of R(Z) decreases with rise in temperature showing 
negative temperature coefficient of resistance (NTCR) type behaviour (like that of semiconductors). 
Figure 8 VKRZWKDW WKH;ȦYDOXHVUHDFKDPD[LPDSHDN;ȦPD[7KHYDOXHRI;ȦPD[VKLIWV WR
higher frequencies on increasing temperature. A typical peak broadening, which is slightly asymmetrical in 
QDWXUH FDQ EH REVHUYHG ZLWK WKH ULVH LQ WHPSHUDWXUH 7KH EURDGHQLQJ RI SHDNV H[SOLFLW SORWV RI ;Ȧ
suggests that, there is a spread of relaxation time (i.e. the existence of a temperature dependent electrical 
relaxation phenomenon in the material [13@7KHPHUJLQJRI;ȦYDOXHVLQWKHKLJKIUHTXHQF\UHJLRQPD\
possibly be an indication of the accumulation of space charge in the material. The peaks shift toward high 
frequency region with rise in temperature. 
 
 
Fig. 8. WKHYDULDWLRQRIWKHLPDJLQDU\SDUW;ȦRILPSHGDQFHZLWKIUHTXHQF\DWTF 298, 333 and 353 Kż. 
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Figure 9 VKRZVWKHUHODWLRQVKLSEHWZHHQWKHLPDJLQDU\SDUW;ȦDQGWKHUHDOSDUW5ȦRIWKHFRPSOH[
impedance. 
 
 
Fig. 9. Impedance spectra of the MSiSC at TF 298, 333 and 353 Kż. 
The values of 5Ȧ DQG;Ȧ) are plotted as a function of temperature. We have obtained arcs of a 
semicircle which their centers lie below the real axis R(Z), corresponding to the appearance of the 
GHSUHVVLRQDQJOHș. It is noted that, ș, increases with temperature, which represents the heterogeneity 
factor ȕ (Ⱦ = Ʌ/(S/2)) DQGȕ, it can be determined experimentally, and illustrated in (Fig. 9). 
The centre of the semicircle arc shifts towards the origin on increasing temperature which indicates 
that the conductivity of the samples increases with increase in temperature. In this material, dipolar 
relaxation process occurs in the material since semicircular arcs are observed in the high-frequency zone. 
Single semicircular arcs observed in the complex plane at elevated temperatures reveal that the conduction 
in the material is predominant in grains rather than in grain boundaries. 
From cole–cole diagrams (Fig. 9) we have obtained the values Rb and Rb+Rp from the graphic as the 
following table: 
 
Table 2. Calculated values of Rb and Rb+Rp for different temperature 
 
TF (Kż) 298 333 353 
Rb+Rp (Kȍ) 3.861 1.135 0.34 
Rb (Kȍ) 75E-3 70E-3 55E-3 
 
7KHUHOD[DWLRQĲp=RC is called the most probable relaxation time which can be also calculated from 
ȦĲp Ȧ ʌIDWWKHVXPPLWRIWKHDUF7KLVLVLQJRRGDJUHHPHQWZLWKWKH&ROH-Cole diagram. It is noted 
WKDW ȕ LQFUHDVHVZLWK 7F (Fig. 10). We propose that, the appearance RI ȕ LV QRW ]HUR LV GXH WR RI WKH
presence of crystalline defects in the structure of the cell and/or heterogeneity in the process of deposition. 
We observe also, that, the arc intersection point at the left-hand side of R(Z) axis gives the resistance 
corresponding to the bulk resistance Rb [R(Z)=Rb as Zĺ@LHDWYHU\KLJKIUHTXHQF\:KLOHWKHDUFVRI
semicircles, (on extension), intersect the right hand side of R(Z) axis at resistance values corresponding to 
the DC values Rdc [R(Z)=Rdc as Zĺ@ LH DW YHU\ ORZ IUHTXHQF\ 7KH UHVLVWDQFH5dc is equal to the 
leakage parallel resistance Rp as Zĺ 
The centers of the arcs of semicircle obtained lie below the real axis R(Z), This indicates  that the AC 
equivalent circuit of a solar cell is a resistance connected  in parallel with the capacitance, Cp, with a single 
time constant. 
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Fig. 10. The heterogeneity factor as a function of temperature. 
Table 2. Calculated values of solar cell AC for different temperature 
TF (Kż) 298 333 353 
5Ȧ.ȍ 3.861 1.135 0.34 
;Ȧ(.ȍ) 1.56 0.3 0.104 
f (Hz) 81 600 2230 
CP (nF) 1260 885 687 
Ĳp (μS) 1970 265 71.4 
RP .ȍ 1.56 0.3 0.104 
E 0.1 0.163 0.2 
The equivalent circuit for the solar cell is consists of a leakage resistance Rp connected in parallel with 
a capacitor Cp, both on the sequence with bulk resistance Rb as shown in figure 11. 
Fig 11. The equivalent circuit for the MSiSC. 
The variation of capacitance with frequency for silicon solar measured under dark conditions at 0.7 V 
is shown in Fig. 12. 
The table 2, shows that, the capacitance decreases with increase of frequency, indicating the presence 
of deep levels near junction interface [14@. The capacitance value decreases from 33.4 to 19 nF 
corresponding to the frequencies at summit of arcs (Fig.9) (f =81, 600 and 2230 Hz), for the irradiated 
sample. 
To understand the decreasing of the capacitance Cp with the frequency, f, we can write: the flux of the 
current i(t) when the charge varies with the time by the following equation: 
݅(ݐ) =
݀ܳ
݀ݐ
 (3) 
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Applying Laplace transform, we obtain the relationship: 
 
ܥ(ݏ) =
ܫ(ܵ)
2ߨ݂ܸ(ݏ)
         (4) 
 
From this equation, it can be concluded that the capacitance Cp decreases with frequency. For the 
nature or the original of this capacitance, we suggest the following explanation: the interface states in 
equilibrium in the semiconductor do not contribute to the capacitance at sufficiently high frequencies 
because the charge at the interface states cannot follow the AC signal [15@. In this case, it is the space-
charge capacitance only. At low frequencies, the contribution of the interface states to diode capacitance 
decreases with increasing frequency 
 
 
Fig. 12. Variation of capacitance with frequency at 0.7V for solar cell module. 
 
To obtain the donor density Nd (cm-3) and the surface state density, Ns (cm-2), we obtain the activation 
energy E=0.102 eV from the slope of figure 13 which is the ARREHENIUS diagrams defined by 
Ln(c I77KHVXPPLWSRVLWLRQRI;ȦLVH[SRQHQWLDOO\DFWLYDWHGZLWKDFWLYDWLRQHQHUJ\ 
 
 
Fig. 13. ARREHENIUS diagrams defined by Ln(c) = f(1/T). 
The donor density in the bulk is responsible for the transport mechanism, which can be calculated by 
the activation energy value E in the following relation: 
 
 K. Al Abdullah et al. /  Energy Procedia  50 ( 2014 )  30 – 40 39
Nୢ = N୭e
ି୉/୩୘            (5) 
 
Where: No the effective density of electrons (2.7×1018 cm-3 for silicon), K Boltzmann's constant (8.626x10-5 
(J/K)), and a density state Ns is given by: 
 
Nୱ = ൬
2ɂ଴ɂ୰Nୢᤂ
q
൰
ଵ
ଶൗ
         (6) 
 
Where: ܭo and ܭr are, respectively, the vacuum dielectric constant and the relative dielectric constant of 
silicon, equal to 8.854×10-14 F/cm and 11.8, respectively (Table 3). 
 
Table 3. Variation of donor density Nd and density states Ns as a function of temperature 
TF (Kż) 298 333 353 Average 
Nd (cm-3) 5.22E+16 7.07E+16 9.18E+16 7.16E+16 
Ns (cm-2) 2.64E+11 3.07E+11 3.49E+11 3.07E+11 
 
We obtain the activation energy E=0.543 eV from the slope of figure 14 which is the ARREHENIUS 
diagrams defined by Ln(f I77KHVXPPLWSRVLWLRQRI;ȦLVH[SRQHQWLDOO\DFWLYDWHGZLWKDFWLYDWLRQ
energy. After that we obtain the donor density Nd (cm-3) and the surface state density, Ns (cm-2), (table 4). 
 
Fig. 14. ARREHENIUS diagrams defined by Ln(F) = f(1/T). 
 
Table 4. Variation of donor density Nd and density states Ns as a function of temperature 
TF (Kż) 298 333 353 Average 
Nd (cm-3) 1.79E+9 1.65E+10 4.81E+10 2.21E+10 
Ns (cm-2) 9.55E+7 2.90E+8 4.96E+8 2.94E+8 
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4. Conclusions
The I-V characteristics of solar cells at different temperatures were measured in the dark. We have
obtained the barrier height ୠ (eV), ideal factor A, and the reverse saturation current I0 ȝ$). 
On using the AC impedance measurements, achieved on the solar cell in dark conditions, for different
TF (298 Kż to 353 Kż ZH KDYH GHWHUPLQHG VRPH SDUDPHWHUV VXFK DV KHWHURJHQHLW\ IDFWRU ȕ '&
resistance Rdc(ɏ), the bulk resistance Rb(ɏ), activation energy E (eV), donor density Nd (cm-3), and density 
states Ns (cm-2). It was concluded that, the leakage current that the density increases with temperature. The 
decreasing of the diode ideality factors can thus be interpreted as a relative increase of recombination of 
carriers in the bulk of the material as compared to the recombination in the space-charge region. The barrier 
height, ୠ, is (0.392 eV) in the voltage range varying from 0.1 to 0.35 V. Then, when the threshold voltage 
becomes above Vs=0.33±0.02, the barrier height sharply decreases. 
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